Document Version Peer reviewed version Link back to DTU Orbit
conditions, accelerated PCE biodegradation, and changes in microbial populations. These changes 23 were documented by comparing data collected prior to the remediation event and eight years later. 24 Based on the premise that dual C-Cl isotope slopes reflect ongoing degradation pathways, the slopes 25 associated with PCE and TCE suggest the predominance of biotic reductive dechlorination near the 26 source area. PCE was the predominant chlorinated ethene near the source area prior to thermal 27 treatment. After thermal treatment, cDCE became predominant. The biotic contribution to these 28 changes was supported by the presence of Dehalococcoides sp. DNA (Dhc) and Dhc targeted rRNA 29 close to the source area. In contrast, dual C-Cl isotope analysis together with the almost absent VC 30 13 C depletion in comparison to cDCE 13 C depletion suggested that cDCE was subject to abiotic 31 degradation due to the presence of pyrite, possible surface-bound iron (II) or reduced iron sulphides 32 in the downgradient part of the plume. This interpretation is supported by the relative lack of Dhc in 33 the downgradient part of the plume. The results of this study show that thermal remediation can 34 enhance the biodegradation of chlorinated ethenes, and that this effect can be traced to the 35 mobilisation of DOC due to steam injection. This, in turn, results in more reduced redox conditions 36
Introduction 1
Management of sites contaminated with chlorinated ethenes is known to be challenging. Among the 2 various developed remediation methods, thermal treatment by steam injection is particularly 3 adapted for source treatment in subsurface sediments of relatively high permeability such as sandy 4 aquifers (von Schnakenburg, 2013) . This remediation strategy is known to release dissolved organic 5 carbon (DOC) (Friis et al., 2005 ) the increase of which may trigger a chain of microbially-mediated 6 redox processes. When natural attenuation has been observed prior to active source remediation, 7 steam injection might thus influence the naturally occurring degradation. 8
Natural degradation of chlorinated ethenes might occur biotically due to the presence of adequate 9 active microorganisms in specific redox conditions, as well as abiotically in the presence of reduced 10 iron (Fe) minerals. Sequential biotic reductive dechlorination of the ubiquitous groundwater 11 contaminant tetrachloroethene (PCE) consecutively yields trichloroethene (TCE), cis-dichloroethene 12 (cDCE), vinyl chloride (VC) and eventually non-toxic ethene. This process takes place in strictly 13 anaerobic systems (Wiedemeier et al., 1999 , Bradley, 2000 and is the most commonly encountered 14 naturally occurring biotic degradation of chlorinated ethenes. According to laboratory and field 15 observations, PCE could undergo reductive dechlorination in virtually all anaerobic conditions while 16 reductive TCE, cDCE and VC dechlorination would generally occur in more reduced conditions, such 17 as iron-reducing for TCE and ideally sulphate-reducing to methanogenic for cDCE and VC (Vogel et al., 18 1987 , Chapelle, 1996 , Bradley, 2000 , Tiehm & Schmidt, 2011 . The presence of and competition for 19 molecular hydrogen (H 2 ), a key electron donor, can also be a determining factor (Ballapragada et al., 20 1997) . Depending on its mineralogy, the presence of iron may also induce competitive inhibition of 21 chlorinated ethene biotic reductive dechlorination (Paul et al., 2013) (Löffler et al., 2013) . cDCE is hence often found to accumulate in the subsurface. Microbial 30 oxidation might also take place, particularly in the case of cDCE and VC (Hartmans et al., 1985, 31 Bradley & Chapelle, 1998 , Bradley & Chapelle, 2000 . Despite their presence in the subsurface, 32 microorganisms may display a low activity, are sometimes inactive or are even dormant 33 (Meckenstock et al., 2015) , which may additionally hinder reductive dechlorination. Abiotic reductive 34 dechlorination can also take place naturally, provided that the adequate minerals and geochemical 1 conditions are present. Iron reported to catalyse abiotic reductive degradation yielding less chlorinated compounds and other 5 non-toxic compounds such as acetylene in various proportions (Tobiszewski & Namieśnik, 2012) . 6 Pyrite is known to reduce all chlorinated ethenes (Lee & Batchelor, 2002) while mackinawite was 7
shown to reduce PCE and TCE but was non-reactive with cDCE (Butler & Hayes, 1999 , Jeong et al., 8 2011 . Surface-bound Fe(II) is also known to catalyse abiotic degradation of reducible contaminants 9
(Elsner et al., 2004 reactivity of iron, McCormick 2004, Han 2012).
Furthermore, the activity of 10 various bacteria in the subsurface may change the local redox conditions. This might affect the redox 11 potential of metals contained in minerals, which might in turn affect the likelihood that biotically 12 induced abiotic degradation will take place (Tobiszewski & Namieśnik, 2012) . 13 In order to explore the occurrence of such processes in the subsurface and thus evaluate the effect 14 of remediation or site management, various tools may be employed. 15
In recent decades, compound specific isotopic analysis has been increasingly used to explore 16 chlorinated ethene degradation processes. It was demonstrated that the extent of biodegradation 17 could be determined based on isotopic measurements (Hunkeler et al., 2010 The range of laboratory determined dual C-Cl isotope slopes associated with various chlorinated 21 ethene degradation processes has increased in recent years, thus enriching the database to which 22 dual C-Cl isotope slopes measured in the field can be compared for process identification (Figure 1 ) 23 (Abe et al., 2009 , Audí-Miró et al., 2013 , Cretnik et al., 2013 , Kuder et al., 2013 , Wiegert et al., 2013 , 24 Badin et al., 2014 , Cretnik et al., 2014 , Renpenning et al., 2014 . Moreover, rapid advances in 25 molecular biology open new possibilities for the characterisation of microbial communities present in 26 the subsurface (e.g. pyrotag sequencing) and the assessment of their activity based on mRNA 27 analysis. Bacterial 16S rRNA gene pool characterization via amplicon pyrosequencing can be used to 28 identify the present bacterial communities in high detail (Novais & Thorstenson, 2011) . It was 29 demonstrated that pyrotag sequencing is a robust and reproducible method that can be used for 30 reliable microbial community exploration in natural systems (Pilloni et al., 2012) . Additionally, as 31 cDCE and VC degradation usually represents the bottle neck of chlorinated ethene natural 32 attenuation, it is essential to screen for markers of their degradation. Dhc screening has been carried 33 out in numerous studies since it is the only class of microorganisms reported to perform cDCE and VC 34 2013) and kept at -80°C until analysis in Copenhagen (GEUS, Denmark). 23 instead of a DB-VRX to improve VC separation. The compounds degassed by N 2 purging were 4 retained on a Vocarb 3000 trap (VICI), transferred to a cryogenic trap (Tekmar Dohrmann) at -120 °C 5 to enable compound concentration, and sent to the gas chromatograph (GC) column (QS-PLOT, 30 m, 6 0.32 mm, 10 µm) of an Agilent TM 7890a GC for compound separation (35 °C for 6 min, ramp of 15 7 °Cmin -1 until 130 °C kept for 0.1 min followed by a ramp of 20 °Cmin -1 until 240 °C kept for 5 min). 8
Analyses 24
After combustion via an Isoprime GC5 combustion interface, the resulting CO 2 gas was sent to an 9
Isoprime TM 100 isotope ratio mass spectrometer (IRMS) to measure the C isotope ratio. Samples 10 were measured in duplicate. Standard deviations σ of the in-house reference materials measured in 11 the same sequences as samples from the field site were 0.6 ‰ (n=32), 0.3 ‰ (n=24), 0.5 ‰ (n=24), 12 In order to evaluate which and to which extent microorganisms relevant to redox processes 24 potentially occurring in the subsurface were present, OTU reads per sample were transformed to 25 cellsL -1 based on the total bacteria count (i.e. total DNA extracted from the samples). It was assumed 26 that all the extracted DNA was prokaryotic, which leads to a slight overestimation, and that the 27 average microbial genome contains 410 -6 ng DNAcell -1 (Paul, 1996) . Since chlorinated ethene 28 degradation as well as redox processes occurring in the subsurface were of interest, detected 29 microorganisms were grouped in taxonomic categories such as genera of which some strains are 30 known to perform complete reductive dechlorination, partial reductive dechlorination of PCE and/or 31 TCE, oxidation of cDCE and or VC under aerobic conditions; bacteria reported to be found in iron-and 32 sulphate-reducing conditions as well as during pyrite oxidation. Bacteria counts were then summed 33 in each group and divided by the sum of bacteria counts of all targeted groups in each sample to 34 evaluate the proportion of each bacteria group within each sample relative to the groups of interest. 1
These data are summarized in Table S 1 and Table S 2 of the Supporting Information (SI).  2 Dehalococcoides DNA and rRNA, bvcA and vcrA functional genes (DNA) and genes transcripts (mRNA) 3 analysis was performed on co-extracted DNA and RNA using a combined phenol-chloroform and 4 mechanical beadbeating method (Baelum et al., 2013) . In brief: prior to cell lysis, the samples were 5 mixed with 0.5 mL liquid G2 DNA/RNA enhancer (Ampliqon, Odense, Denmark) to cover binding sites 6 of the clay particles. Extracted DNA and RNA was purified using NucleoSpin RNA Clean-up XS kit 7 (Macherey-Nagel, Duren, Germany). RNA was converted to cDNA and DNA and cDNA PCR amplified 8 using standard protocols with a detection limit of 10 4 copies×L -1 . The detailed protocols can be found 9 in the supporting information. 10
Calculations for isotopic data interpretation 11

C isotope balance 12
In order to evaluate isotopic data and more particularly to determine whether degradation released 13 a significant amount of compounds which were not detected, such as ethene or ethane during 14 complete sequential reductive dechlorination, the C isotope balance was determined for each 15 
Extent of degradation 20
In order to estimate the extent of degradation in certain parts of the plume, the following coefficient 21 was calculated: 22
where ∆ 13 corresponds to the difference between the initial and final C isotopic composition of 23 the considered chlorinated ethene. Such calculation was performed only for compounds in sampling 24 points where no precursor was present (e.g. for cDCE when no PCE or TCE was detected) to ensure 25 that the isotopic composition was merely affected by the compound degradation and not by its 26 production. In the case of PCE, such caution is unnecessary as it can only be degraded. Minimum and 27 maximum enrichment factors reported in the literature were used as summarised in Table S of cDCE which did not align with the others is represented separately as a cross. Slopes are given with 2 95% confidence interval. 3
The C isotopic ratio of released PCE was formerly estimated to be -25.0 ‰ (Hunkeler et al., 2011) . 4 The Cl isotope measurements performed in 2014 show a lowest δ 37 Cl value of -1.0 ‰ for PCE at 100 5 and 750 m downgradient from the source, which is the closest measured value to the initial Cl 6 isotope signature of released PCE. Without further data, the initial PCE isotopic signature is hence 7 assumed to be δ 13 that what was in microcosms thought to be anaerobic oxidation might actually be aerobic oxidation 32
with O 2 concentrations so low that O 2 is quickly consumed and not measurable (Gossett, 2010) . 33 However, based on the current data, anaerobic or microaerophilic oxidation cannot be ruled out. 34 Moreover, the conditions are not aerobic in this part of the aquifer, which means aerobic oxidation is 1 not possible. 2
The highest C isotope δ 13 C sum value at the site (-21.3 ‰ in B34-3, Table S 3, SI) indicates a maximum 3 enrichment in 13 C of 3.7 ‰. This also supports the supposition that limited transformation of 4 chlorinated ethenes to non-toxic compounds, such as ethene, is occurring, unless it is via a 5 degradation process associated with low isotopic fractionation. 6
Dual C-Cl isotope slopes convey even more valuable information. Hunkeler et al., 2009 predicted that 7 the vertical spacing between dual isotope slopes associated with chlorinated ethenes during 8 reductive dechlorination reflected the C enrichment factors when the slopes run parallel to each 9
other. The reason is that the kinetic Cl isotope effect acts on the cleaved chlorideso that the chlorine 10 isotope ratio of TCE is expected to match that of PCE (as experimentally confirmed by Cretnik et al., 11 2014), whereas C isotope values differ by the C enrichment factor ε C . Here, a C enrichment factor of -12 10.3 may be determined when subtracting the C isotope value of the most depleted PCE C-Cl 13 signature (corresponding to the initial PCE signature) from the most depleted TCE C-Cl signature 14 (where the Cl isotope value is the closest to that of the initial PCE signature). On the other hand, 15
interpreting the spacing between TCE and cDCE is less straightforward as it is also influenced by the 16 intramolecular chlorine isotope distribution in TCE. 17
In order to determine the extent of degradation of PCE and cDCE in some sampling points, minimum 18 and maximum enrichment factor values reported in the literature were chosen since no microcosm 19 experiment was carried out based on which site specific enrichment factors could be determined. 20
The estimation of the extent of PCE degradation based on C isotopic data was an exception where 21 the C enrichment factor determined above was used. As the data support biotic reductive PCE 22 dechlorination and abiotic cDCE reduction, corresponding enrichment factors were chosen. The 23 extent of degradation, D, was determined both with C and Cl isotope data. Results can be found in 24 Table S 3, SI. For PCE, the extent of degradation determined with the C enrichment factor varied from 25 3 to 59% with an average of 28%. This is in agreement with the average extent of degradation 26 determined with largest and smallest Cl enrichment factors associated with reductive PCE 27 dechlorination of 10 and 34%, respectively. The estimated extent of degradation based on C and Cl 28 data are moreover consistent for each sampling point. Finally, for abiotic reductive cDCE 29 dechlorination, average extents of degradation of 7 and 19% could be determined based on the 30 largest and smallest enrichment factors associated with this degradation process, respectively. This is 31 in agreement with the observed degradation stall at cDCE. The total Dhc population analysis performed by qPCR shows a relatively large range across sampling 5 wells from not detected (below detection limit, bdl) to 1.7310 6 gene copiesL -1 (Figure 7 and Table S and B23-2 were more metabolically active than Dhc in some other locations. Although rRNA/DNA 18 ratios in B16-1 and B23-2 were not much higher than 1 (max. ratio: 1.56), Dhc activity was previsouly 19 associated with ratios of this order of magnitude in a previous laboratory study (Wagner et al., 2013) . 20 The presence and apparent high activity of Dhc in B16-1 and B23-2 coincide with highly enriched C 21 isotope ratios of -17.6 ‰ for PCE and -19.3 ‰ for TCE in B23-2 and -22.9 ‰ for cDCE in B16-1 (Figure  22 5, Figure 7 , Table S 3 and Table S 4 
, SI). 23
Genes coding for the enzymes involved in the final transformation of VC to ethene (vcrA and bvcA) 24 were neither present (DNA) nor expressed (mRNA) above the detection limit. This is consistent with 25 the minor C isotopic enrichment observed for VC, which supports an absence of VC degradation by 26 reductive dechlorination at the site. Figure 8 Relative proportion of bacteria which have been identified to belong to a 16S rRNA gene 8 based phylogenetic group that has been shown to contain bacteria involved in iron-reduction, 9
sulphate-reduction, partial dechlorination, pyrite oxidation, biotic chlorinated ethene oxidation or 10 complete dechlorination processes. Only these phylogenetic groups (Table S 5 , SI) are included in the 11 analysis. 12 Figure 9 Proportion of bacteria that have been identified to belong to a 16S rRNA gene based phylogenetic group that has been shown to contain bacteria involved in sulphate-reductioin, iron-reduction and pyrite oxidation normalized by the maximum total quantity of bacteria involved in such redox processes among all samples. likelihood of pyrite oxidation and sulphate-reducing conditions. More specifically, bacteria reported 19 to be involved in pyrite oxidation were found in relative abundance higher than 20% in B34-2, B34-3, 20 B34-6, B58-2, B58-6 and B61-3, i.e. from 1050 m downgradient of the source. This coincides with 1 cDCE dual C-Cl isotope data that suggests abiotic cDCE reduction predominates in these locations. 2
Bacterial genera among which some members are known to catalyse complete reductive 3 dechlorination of chlorinated ethene (i.e. Dhc (Löffler, 2013) and Dhg (Yang, 2015) ) were detected in 4 the majority of sampling locations (Figure 8 ). In particular, the relative abundance of bacteria 5 potentially able to completely dechlorinate chlorinated ethene is high in B23-2 (350 m downgradient) 6 and B34-6 (1050 m downgradient), indicating the possibility that complete reductive dechlorination 7 may have occurred in these locations. The counts of Dhc from pyrotag sequencing do not exactly 8 coincide with the copy number of Dhc determined by targeted quantitative PCR after DNA extraction 9 (Table S 4 and Table S 5 , SI), which may be because 454 pyrotag sequencing is considered a semi-10 quantitative method and different amplification primers were used. Contrary to Dhc, Dhg was 11 detected in all samples, and reads were particularly high in B23-2 (1.710 6 cellsL -1 , Table S 5, SI). 12 Among the bacterial genera among which some members are known to reduce chlorinated ethenes 13 only partially, several were detected in particular in B23-3, B34-2, B34-4, 34-6 and B61-1 (Figure 8  14 and Table S 5, SI), which indicates that bacteria potentially able to dechlorinate chlorinated ethenes 15 were present throughout the entire plume. Finally, highest quantities of partially and totally 16 dechlorinating bacteria were found in B23-2, B23-3 and B34-2 (Figure 10 ), which supports the higher 17 likeliness that biotic reductive dechlorination is occurring in the first part of the plume. The highest 18
proportions of bacteria involved in pyrite oxidation are found from the core to the front of the plume 19 (B34-2, B34-3, B58-2 and B58-6, Figure 9 ), which supports the predominant occurrence of abiotic 20 chlorinated ethene reduction in this part of the plume. 21 Generally, the molecular biology data suggests that reductive dechlorination could potentially occur 22 in any sampling location, with a higher likelihood in B16-1, F4-3 (which are located immediately 23 downgradient from the source), B23-2 and B34-4 (which are located 350 and 1050 m downgradient 24 from the source). Moreover, it cannot be definitively determined whether complete degradation is 25 possible because neither bvcA nor vcrA genes were detected. 26
Pyrotag sequencing data also highlight the possibility that cDCE and/or VC may have been oxidized, 27 especially downgradient (from B58 to B61) where Polaromonas reads are the highest (Table S 
Field data relative to chlorinated ethenes
